Abstract
Intraoperative coronary revision but not coronary pattern is associated with mortality after arterial switch operation † 
INTRODUCTION
The current procedure of choice for most types of d-looped transposition of the great arteries (d-TGA) and transposition-like forms of double-outlet right ventricle (Taussig-Bing anomaly) is the arterial switch operation (ASO). Over the past decades, the outcomes of the ASO have progressively improved as a result of steady refinements in diagnostic, surgical and perioperative management techniques [1] [2] [3] [4] . Because of the variations in coronary artery anatomy associated with d-TGA, much attention has been paid to the relationship between the coronary anatomy pattern and outcome. Case series and meta-analysis examining this relationship have reported mixed results [5] [6] [7] [8] [9] [10] . However, concern has persisted, with intramural coronary artery morphology (IMCA) and single right coronary artery (RCA) being identified as carrying the highest risk for morbidity and mortality, particularly in old series. Although less than perfect coronary artery translocation accounts for the majority of perioperative deaths, little is known about the relationship between intraoperative coronary button revision and outcome. In this study, we sought to characterize survival with a specific focus on coronary anatomy and the need for coronary anastomosis revision, in a single-centre recent cohort of patients with d-TGA and ASO.
MATERIALS AND METHODS

Study population
This study was approved by the Institutional Bambino Ges u Children's Hospital Review Board, which waived the need for written consent. All consecutive patients who underwent ASO for d-TGA or transposition-like forms of double-outlet right ventricle between 1 January 2000 and 1 May 2015 entered the study. 
Data collection
Primary anatomic subtypes were classified as d-TGA with an intact ventricular septum, d-TGA with ventricular septal defect or a Taussig-Bing anomaly. Patients with haemodynamically insignificant ventricular septal defects (i.e. patients not needing to be surgically addressed) are considered in the d-TGA with an intact ventricular septum group. Coronary artery distribution was determined in each case from the operation report. Coronary artery patterns were classified as previously reported by Wernovsky et al. [11] . Alternative terminology in brackets is shown, as popularized by Gittenberger-de Groot, Kirklin and the Congenital Heart Surgeons Society [12] . An IMCA was defined as any coronary pattern in which at least one coronary artery coursed through the aortic wall for a variable distance. After hospital discharge, patients had an annual examination by the referring paediatric cardiologist, which included a clinical assessment, electrocardiogram and echocardiogram with Doppler study. As a general rule, coronary angiography or, more recently, electrocardiogram-gated coronary computed tomography angiography was performed as follow-up investigation before school age unless otherwise clinically indicated. Treadmill stress test utilizing a modified Bruce protocol was administered beyond the age of 6. In few selected cases, myocardial perfusion scan and cardiac magnetic resonance imaging were utilized as complementary diagnostic tests.
Surgical technique
The surgical technique can be summarized as follows. Standard median sternotomy is performed and a patch of autologous pericardium is harvested and kept untreated. The operation is conducted with moderate hypothermic cardiopulmonary bypass (CPB) unless circulatory arrest is required for aortic arch reconstruction. Cold blood cardioplegia is utilized every 30 min during the cross-clamp period. Delivery is initially in antegrade fashion, followed by selective ostial infusion after division of the ascending aorta. The aorta is divided at approximately its midpoint opposite the pulmonary bifurcation. The coronary arteries are excised with a U-shaped button composed of the majority of the adjoining sinus of Valsalva. The first 4-5 mm of the coronary arteries are dissected with careful preservation and mobilization of all branches, in order to avoid undue tension at the site of reimplantation. The coronary buttons are sutured into the neoaorta using continuous 8/0 polypropylene sutures ('open anastomosis'). In the early 2000s, coronary transfer has been performed tailoring the approach to the individual anatomy, according to surgeon's choice [13, 14] . Subsequently, from 2008 on, we standardized the technique utilizing a medially based trapdoor for the left coronary artery and a vertical incision for the RCA, the latter eventually extended into the ascending aorta. In all cases, IMCAs have been unroofed along their intramural course up to their respective orifices and then reimplanted [15, 16] .
Statistical analysis
Stata version 11.1 data analysis and statistical software (StataCorp LP, College Station, TX, USA) were used for statistical analysis. Continuous variables are reported as mean ± standard deviation or median and interquartile range (IQR: 25th-75th percentile) depending on normality of distribution. Categorical variables are reported as frequencies and percentages. Comparisons for categorical variables were performed with the 2-tailed v 2 test or, when necessary, the Fisher's exact test. Survival curves were obtained by use of the Kaplan-Meier method, and comparisons were performed with the log-rank test. For time-to-event analysis, Time 0 was defined as the time of ASO. Patient time was accrued until the outcome of interest with censoring at the time of last follow-up. Additional multivariable survival analysis was performed by means of Cox proportional hazards multiple regression model. The proportional hazard assumption for the Cox regression model was tested by means of the GrambschTherneau test. The null hypothesis was rejected (P = 0.2). The selection of independent variables for the model was based on statistical significance in univariable testing. All comparisons were 2-sided. On the basis of prior studies, we hypothesized that certain coronary patterns would be associated with similar morbidity and mortality rates and then grouped them for analysis. The first group included coronary arteries that looped around the great vessels: circumflex from the RCA and inverted coronaries (inverted, inverted RCA and circumflex). The second group consisted of coronary patterns in which both the left and right coronary systems arose from a single ostium: single left coronary artery and single RCA. The third group was composed of intramural coronary patterns. All variant coronary patterns were then compared with the usual pattern.
RESULTS
Baseline characteristics
A total of 283 patients, 88 (31.1%) female, underwent ASO over the study period. There were 251 (88.7%) neonates who underwent surgery at a median age of 13 days (IQR: 9-18) and median weight of 3.2 kg (IQR: 3.0-3.6). Seventeen patients (6%) had a weight at surgery <2.5 kg. One hundred and three patients (36.4%) had an associated ventricular septal defect and 23 (8.1%) had aortic arch obstruction requiring concomitant surgery. Repair beyond 1 month of age was performed in 32 patients (11.3%) and Taussig-Bing anomaly was present in 9 patients (3.2%).
Coronary anomalies were present in 119 (42%) patients, the most common variant being a circumflex artery originating from the RCA (n = 55). Twenty-two patients (7.8%) were found to have an IMCA. The intramural course involved the left main coronary artery in 12 patients, the RCA in 7 and the left anterior descending in 1, respectively. One patient had both right and left IMCAs, while 1 had a single IMCA.
Seventeen patients (6%) had inverted coronaries (13 with 1LR; 2Cx pattern and 4 with 1R;2LCx pattern, respectively) and 18 (6.4%) a single coronary artery. Most patients (n = 202, 71.4%) underwent preoperative balloon atrial septostomy either in the intensive care unit under echocardiographic guidance or in the cardiac catheterization laboratory.
Early and late outcomes
There were 6 early deaths (<30 days after surgery), accounting for an early mortality of 2.1%. Intraoperative revision of the coronary anastomosis at the time of the ASO was required in 8 patients (2.8%) due to the inability to wean from CPB or post-CPB myocardial ischaemia, diagnosed on the basis of clinical findings (e.g. poor cardiac function, extremely elevated left atrial pressure and/ or ischaemic changes on electrocardiogram). Intraoperative coronary revision was neither related to the underlying coronary anatomy (P = 0.40) nor to the surgical era (P = 0.40). Intraoperative strategies to improve button geometry included the release of adventitia (n = 2, 25%), ostial patch augmentation (n = 2, 25%) or button revision (n = 4, 50%; Table 1) .
Overall, 13 patients (4.6%) required postoperative extracorporeal membrane oxygenation support. The median time from surgery to hospital discharge for the survivors was 13 days (IQR: [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] .
Late deaths (>30 days after surgery) occurred in 13 patients, yielding an overall survival rate of 93.0 ± 1% at 5, 10 and 15 years (95% CI: 89-95; Fig. 1 ). Median follow-up time for all hospital survivors was 6.4 years (IQR: 2.4-9.7). Causes of death in the whole cohort were left ventricular failure (n = 10), pulmonary hypertension (n = 2), mediastinitis (n = 1), intrapulmonary haemorrhage (n = 1), respiratory distress (n = 1), coagulopathy (n = 1), severe mitral regurgitation (n =1), severe aortic regurgitation (n = 1) and massive stroke (n = 1), respectively.
Univariable analysis showed that early surgical era, intraoperative coronary button revision (Fig. 2) and ASO with concomitant ventricular septal defect repair were significantly associated with mortality while coronary anomalies were not (Table 2) . Among the different types of variant coronary anatomy, a non-significant trend towards increased mortality was observed for IMCAs (Fig. 3) . Multivariable analysis showed that intraoperative coronary revision was associated with increased hazard of death while early surgical era (i.e. surgery before 2008) approached the margin of statistical significance (P-values of <0.001 and 0.057, respectively; Table 2 ). Non-selective aortic root angiography was performed in 115 (40.6%) patients at a median interval from surgery of 3.7 years (range: 0.01-11.9). Electrocardiogram-gated Early take-off of a large conal branch from the RCA, preventing proper button mobilization. coronary computed tomography angiography was obtained in 41 (14.4%) patients at a median interval from surgery of 6.7 years (range: 3.2-15.0). A combination of both techniques was required in 11 patients (3.8%). In 5 patients, significant asymptomatic coronary stenosis (> _50%), with extensive intercoronary collateral arteries, were detected and left untreated. Of note, in all of them, a variant coronary pattern was present (inverted in 2, single RCA in 2 and single IMCA in 1, respectively). We additionally explored the association between coronary events and coronary pattern (usual versus unusual). Twelve coronary events were detected in 11 patients: 7 coronary reoperations and 5 asymptomatic lesions detected during routine coronary angiography at follow-up. Unusual coronary anatomy was associated with an increased risk of coronary event at follow-up (log-rank P = 0.022; Fig. 4 ). One patient with single IMCA, initially treated with bilateral ostial arterioplasty, developed asymptomatic right ostial stenosis 1 year after surgery (subtotal right coronary occlusion with well-developed intercoronary collateral circulation). The patient is now 8 years old, she is in close medical follow-up, not cleared for sports and, to date, no intervention (either surgical or catheter-based) has been planned.
Surgical and catheter-based reinterventions
A total of 83, either surgical or catheter-based, interventions after ASO were required in 52 patients (18.3%) and are listed in Table 3 . The most common interventions were for pulmonary artery stenosis at the site of anastomosis or involving the main branches. Overall, 32 (11.3%) patients had > _1 cardiac surgical reintervention and 35 (12.4%) had > _1 catheter-based procedures (excluding diagnostic studies). In the whole cohort, freedom from surgical or catheter-based intervention was 79.0 ± 2.7% (95% CI: 73-84) and 75.0 ± 3.5% (95% CI: 67-81) at 5 and 10 years, respectively.
Seven patients underwent postoperative coronary artery reinterventions at a median time of 2.5 months after ASO for symptomatic myocardial ischaemia (6 patients underwent surgery within 6 months of the operation). Open surgical revision was required in 6 patients (2 in the IMCA group). One patient required left main coronary artery stenting 7 and 8 years after the initial operation, respectively (Table 4) .
DISCUSSION
Simple in concept, the ASO remains one of the most complex neonatal operations with successful transfer of the coronary arteries being the key to success [17] . Acute or subacute cardiac failure, secondary to ventricular dysfunction resulting from imperfect coronary transfer, accounts for the majority of postoperative deaths following an ASO and has been mostly related to variant coronary anatomy [18] [19] [20] . However, to date, specific reports have been yielding contrasting results [2, [8] [9] [10] [21] [22] [23] [24] [25] . Coronary arterial pattern has been the most important patientrelated risk factor for death, based on multi-institutional experience during the first decades after introduction of the ASO procedure in neonates with 2 specific coronary patterns increasing risk [26] . Hazard of death is increased when the left coronary artery or either of its branches arises from sinus 2, or when there is an intramural coronary course. However, variant coronary anatomy is not an immutable risk factor and has overcome with appropriate techniques of coronary transfer. In our cohort, increasing surgical experience, standardization of the surgical technique [14] and improvements in medical care, both mitigated the risk of death, particularly in managing complex coronary branching patterns. Unusual coronary anatomy did not affect overall survival after ASO, whereas intraoperative coronary 17 .91; P = 0.0001. The overall model fit represents the probability of obtaining the v 2 statistic (17.91) if there is no effect of the surgical era and the intraoperative coronary revision on survival. In this case, the model is statistically significant because the P-value <0.000.
button revision was a predictor of mortality. In our study, 8 patients required intraoperative coronary revision due to inability to wean from CPB or clinical evidence of myocardial ischaemia and an additional 6 required early (i.e. <6 months after the ASO) revision of the coronary anastomosis for critical ostial stenosis. However, unusual coronary anatomy was associated with late coronary events (either reoperations for ostial stenosis or asymptomatic lesions detected at follow-up). This underscores the need for routine coronary imaging in patients who underwent an ASO, particularly if a variant coronary pattern is present.
In most instances, the inability to wean patients off CPB following the ASO is related to myocardial ischaemia. Impaired coronary perfusion after ASO has been associated with torsion of the coronary button or even kinking or stretching in patients with looping coronaries. Occasionally, extrinsic compression by the neo-pulmonary trunk may compromise coronary flow. Several techniques have been utilized at the time of revision to improve coronary perfusion such as mobilization of the adventitia to allow the coronary to loop more freely rather than angling at the point where dissection from epicardial fat was stopped and button repositioning or reimplantation with patch augmentation. The need for intraoperative coronary revision can be considered a dual risk factor for mortality. While redo coronary anastomosis per se increases the hazard for death due to a prolonged bypass run and an additional cardioplegic arrest, detection time and decision time may play a pivotal role in increasing morbidity and mortality because no method for the objective assessment of impaired coronary perfusion has been validated to date and many surgeons are somehow reluctant to redo the whole operation particularly when the diagnosis is unclear.
Preoccupation with the prompt detection of coronary transfer integrity following ASO dates from the first utilization of the intraoperative epicardial echocardiography in 1991 by Quaegebeur et al. [27] and in 1997 by Shankar et al. [28] , respectively. Wong et al. [29] reported on a consecutive series of 63 ASO patients in whom intraoperative coronary artery Doppler pulse Doppler flow patterns were retrospectively analysed. They concluded that abnormalities in the left main coronary artery flow, detected on Not all institutions routinely use intraoperative echocardiography for assessment of coronary anastomosis in patients with TGA. Nonetheless, in spite of the fact that echocardiography is indeed a highly operator-dependent technique, its routine use during the ASO may provide the optimal opportunity to recognize coronary artery pathology and to intervene, potentially decreasing both morbidity and mortality. Should such abnormalities be identified at the time of the ASO, inspection of the repair and the coronary artery buttons should be undertaken, and if such abnormalities persist, closer follow-up in the immediate and short-term postoperative period would be warranted.
Finally, another promising technique that allows coronary artery interrogation in the operating room is the use of the transittime ultrasound flowmeter that was cleared to market for human clinical use in 1988 and since then has been increasingly utilized in adult cardiac surgery in the assessment of coronary artery bypass grafting. This technique allows the surgeon to easily and objectively detect abnormalities in coronary flow right after unclamping, directly probing the reimplanted coronary artery.
Limitations
The study is retrospective in nature and subject to limitations inherent to observational investigations. As such, therapeutic decisions were not completely standardized and reflect best clinical judgement. Data were derived from a single, high-volume institution, which may limit generalizability. In addition, comparison with other cohorts is complicated by differing patient characteristics, shifting referral patterns and changing management strategies.
CONCLUSIONS
In our population of patients, excellent survival was observed, particularly in the most recent cohort of patients who underwent ASO. Fatalities occurred either early after surgery or in the first postoperative months. Overall, variant coronary anatomy did not affect mortality. Coronary button revision, required intraoperatively in 8 patients and based on inability to wean from CPB or clinical parameters, was the sole predictor of mortality and was neither related to the surgical era nor to the coronary pattern. Also, variant coronary anatomy was associated with increased rate of coronary events (coronary revision at a later date and/or asymptomatic coronary lesions detected at follow-up) suggesting that coronary imaging is prudent and advisable in all patients, particularly if an abnormal coronary pattern is present. Our study corroborates the current utilization of preventive strategies aimed at intraoperative detection of impaired coronary perfusion, in order to reduce coronary-related morbidity and mortality. It is our belief that strategies aimed at early detection of coronary transfer problem are mandatory while performing an ASO, in order to shorten the detection time of coronary lesions. We are currently awaiting Institutional Review Board approval to start routine monitoring of the coronary anastomosis using a transit-time ultrasound flowmeter during ASO. 
